Abstract -On-chip integration of a magnetic flux concentrator with a galvanic current sensor is proposed. Our layout utilizes a discontinuity in a magnetic via, resulting in the penetration of the magnetic field into the substrate. A conversion factor of 96 mT/A is predicted via simulations corresponding to a magnetic gain 1.8× in comparison with air. The permeability of the magnetic core required is 500, much lower than that reported in off-chip concentrators, resulting in a significant easing of the specifications of the material properties of the core.
I. INTRODUCTION
O N-CHIP current sensors are desirable components to provide inbuilt protection of power devices against current overshoot and to enhance the short circuit capability of smart power ICs. Galvanic current sensors, such as the MagFET [1] and hall-effect sensors [2] , detect the magnetic field generated by current, without any direct electrical connection with the sensor. Such a non-invasive method of current monitoring is highly attractive in a wide range of applications [2] .
The sensitivity of a galvanic current sensor to the magnetic field depends on the carrier mobility, hall factor and its geometry [3] , [4] . In this context, inherent polarization in GaN gives rise to a high density 2DEG even without the application of an external bias. Despite a bulk mobility lower than that of silicon, electrons in this 2DEG have a mobility of up to 2000 cm 2 /Vs, approximately 50% higher than that in silicon [5] . This lends itself to extremely sensitive MAGFETs [6] and Hall devices [7] in GaN that are attractive on account of their compatibility with integrated CMOS drivers for power management ICs in GaN [8] .
The resolution and sensitivity of a galvanic current sensor to current can be increased further by an arrangement consisting of two [3] , [9] or more magFETs [10] , [11] at the cost, however, of increasing the chip area. Therefore, increasing the magnetic field induced by the current to be sensed is more favorable and achievable either by routing the metal line around the hall device [12] , [13] or by a magnetic concentrator [14] , [15] which acts as a passive amplifier of the magnetic field. In this letter, we propose a structure to increase the magnetic field strength in a galvanic current sensor, such as a MagFET or a Hall sensor, which relies on a combination of both the above approaches: routing a copper line around a sensor as well as a magnetic concentrator. Moreover, this structure is much easier to fabricate than a conventional inductor [16] . Fig. 1 describes implementations of conventional sensors for on-chip current sensing. In Fig. 1 (a) , sensors surrounding a conductor carrying a current (I 0 ) to be sensed, rely on its magnetic field, (B I ), in a direction normal to the surface as [3] B I = F I I 0 (
II. BACKGROUND AND METHODOLOGY
Where, F I the conversion factor of the structure depends on the relative position of the sensor with respect to the conductor. In Fig. 1 (b) the current circles around the sensor increasing the magnetic field, resulting in higher F I than in Fig. 1 of the copper line around the sensor in Fig. 1 (b) [13] , [17] . Alternatively, a magnetic material is used to increase the field strength by concentrating the magnetic flux at the sensor in Figures 1 (c), (d), and (e). The magnetic thin film shown in Fig. 1 (c) increases the component of the magnetic field along the normal direction, whereas its tip implemented via a groove increases the flux density in Fig. 1 (d) even further. Integrated magnetic concentrators (IMC) [15] , shown in Fig. 1 (e) , utilize the fringing magnetic field at the edge to convert the applied uniform magnetic field parallel to the surface into the vertical direction. The effective conversion factor (F c ) in these cases can be expressed as
Where, G M = B H /B I , and B H and B I denote the normal component of the magnetic field at the sensor with and without field concentrators. G M denotes the magnetic gain that depends on the shape and dimension of the magnetic concentrator.
In comparison to the above, we propose a novel structure in Fig. 2 (a) with an underlying sensor, in this case on a GaN substrate, which improves both F I and G m . Fig. 2 (b) depicts how a conventional loop inductor, with a copper line surrounded by a laminate of magnetic material or an air core, might typically be integrated with the sensor [18] . Fig. 2 (c) shows the cross-sectional view of our novel structure in which the magnetic core does not extend beneath the copper line (A-B) . Top , right , left and bottom in figures 2(b) and (c) denote magnetic fluxes in the directions identified as top, right, left, and bottom, respectively, at the junction where the magnetic via meets the magnetic layer at the surface "A" identified in the figures. The magnetic field in both structures is normal to the sensor as required because of the structural symmetry around the X-Z plane. Typically a small proportion of the total current (I total ) to be sensed is diverted into the conductor using a busbar with a notch [19] or a SenseFET [20] shown in figures 2(d) and 2(e) respectively. In the former, a proportion of the current flowing through the loop inductor is determined by the ratio of the width of the copper in the inductor and the bus bar i.e., the ratio of the series resistance of the inductor and bus bar. In the latter case, the ratio of the widths of the SenseFET and the power device determine the proportion of current flowing through the loop inductor. In both cases, since the proportion is fixed and known, the overall current can be estimated from the measured I 0 .
Two geometries of the loop inductor are compared using magnetostatic simulations in ANSYS EM suite (Maxwell) on a GaN substrate of thickness 80μm with relative permittivity and resistivity set to 9.5 and 6 -cm-respectively [21] . We find that the resistivity of the substrate does not affect the results within a range of 0.1-100 -cm. The passivation consists of 300 nm of SiN of relative permittivity 7 [22] . 1000 [18] , and 665-1080 [22] . Their corresponding resistivity is 600-cm [23] , 99 -cm [18] , and 115 -cm [22] respectively. Therefore, the permeability of the magnetic material is varied from 10 to 1080 in simulations, whereas resistivity is set to a nominal value of 100 μ-cm, representing the worstcase scenario for eddy current losses. The current through the inductor (I 0 ) is set to 20mA.
III. RESULTS AND DISCUSSION
A change in the field distribution due to the removal of the magnetic material below the Cu wire between A and B is illustrated by a ratio of fluxes from the left, right and bottom, with respect to the flux at the top viz., Left / Top , Right / Top , and Bottom / Top respectively, plotted in Fig. 3(a) . In the conventional structure, as μ r is increased, Left increases at the expense of Bottom , and saturates beyond μ r = 200. For μ r > 200, most of the flux induced by the current I 0 is concentrated within the magnetic material with nearly 90% looping around the copper winding, resulting in an increase of inductance with μ r while only 10% leaks into the magnetic film between the conductors. This is because the magnetic material around the metal layer offers a low reluctance path to the field lines through the copper with very little available to the underlying sensor. On the other hand, in the proposed structure, due to the presence of the magnetic material on the right coupled with an absence of magnetic material between A-B causes the field distribution to shift towards the right and bottom as evident from Fig. 3 ; Bottom and Right are 80% of
Top showing an opposing distribution of the field. Bottom is still a considerable percent (at least 18%) of the overall flux induced in the magnetic via ( Top ) for all values of μ r . Hence, the magnetic field in the substrate is enhanced by the current flowing through the copper as well as field penetration at the discontinuity A-B for all values of μ r .
Conversion factors (F c ) of the conventional, proposed and air core structures with the permeability of the magnetic material are plotted in Fig. 4 , indicating an increase of G m , and thereby F c , of the proposed structure by the factor of 1.8. On the other hand, F c of the conventional structure reduces from 52mT/A to 45 mT/A. Table I shows an improvement in the conversion factor of our structure in comparison to reported structures also evaluated via simulation alone, by a factor of 12. The major drawback of the tip and sheet concentrator is the fabrication processing required at the bottom surface of the substrate including substrate thinning. The IMC requires a large chip space (in the range of mm) and thicker magnetic material, typically in the range of 20um, ideally equal to gap marked as "g" in Fig. 1 (e) , in the magnetic material near the sensor. The permeability of the magnetic material should be greater than 1500 and a minimum length is 250um to achieve G m of 1.5 [25] . On the other hand, the proposed structure achieves a gain of 1.8 at a fraction (∼ 1 60 ) of chip space and much lower permeability. Another major drawback of the IMC is a requirement of a constant B field to be applied throughout requiring the width of the conductor to be of a similar order as that of the IMC.
Even though IMCs achieve higher G m than other structures, they suffer from low F I because they are designed to measure the current in off-chip conductors. The proposed structure and on-chip metal line perform better because the current conductor is separated from the B sensor by passivation alone. It is to be emphasized that the proposed structure is intended only for on-chip current detection, whereas the IMC is also versatile in angular sensing, e-compass, position sensing.
IV. CONCLUSION
This work demonstrates a method to improve the detection limit of a current sensor and its sensitivity in a form factor that is compact and can be easily integrated. The magnetic gain 1.8 is achieved with the permeability as low as 500 via simulations, much lower than other flux concentrators reported by simulation, requiring less stringent specifications on the magnetic material. This is mainly due to the way by which a portion of the field induced in the magnetic material is diverted into the substrate via a combination of the current conductor and the magnetic film. This combination is unsuitable for high inductance structures but works well for sensors by diverting the field into the substrate to improve the sensitivity.
